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Abstract 
The most common injuries experienced by sweep rowers relate to the lower back; rowers with greater core strength 
have been shown to be less prone to these injuries. Stationary rowing trainers (Ergometers) currently used for training 
and rehabilitation generally have a fixed support base, contrary to a real boat. It is hypothesized that training with an 
unstable base may help develop core strength in athletes. This paper describes early development of a rowing 
simulator with a realistic unstable platform. Using SolidWorks, a conceptual motion simulator was designed, which 
was then linked to MATLAB/Simulink to produce a controllable simulation of rowing. A control algorithm was 
developed to compute the forces and virtual rowing parameters required. The algorithm uses a PID controller to 
maintain a coordinate position of the virtual boat’s centre of gravity. In particular, the issue of creating an “unstable” 
feeling about the roll axis was developed. Comparison between the simulated output and real rowing data is required 
for verification of effective control. The resultant control system could be linked to a real-time motion platform, 
whereby EMG and or other biometric measurements could be used to determine the effectiveness of core muscle 
activation between the simulator, Ergometer and on water rowing. 
© 2012 Published by Elsevier Ltd. 
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1. Introduction  
As elite athletes undergo physiotherapy to overcome injury, the joint or muscle which has been 
damaged is typically focused on, in order to strengthen and increase flexibility in the area which has 
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experienced trauma. Modern day rehabilitation techniques rarely include the process of incorporating the 
athletes ‘natural’ sporting environment. Naturally this environment affects the performance and technique 
used by the athlete to achieve his or her optimal physical ability. Therefore, by neglecting these 
environment parameters, rehabilitation may only improve the particular joint or muscle injured, while 
there may be various other factors that caused the injury in the first instance. Such factors often relate to 
the athlete trying to overcompensate a particular movement due to the changing environment conditions 
they are in. With overcompensation, more force or greater flexibility is required for the athlete to achieve 
‘normal’ sporting performance.  
By simulating real environment conditions, and incorporating the resultant external forces within the 
rehabilitation process, the athlete can not only train and strengthen the damaged joint or muscle, but train 
other joint and muscle groups to support the injured body part during the sporting activity.  
Elite rowers predominantly train on Ergo’s [1]. As upper body twisting encountered in sweep style 
rowing is not reproduced, Ergo’s can induce unwanted forces on the rower’s lower back. Additionally, as 
traditional Ergo’s (some include slides for movement in the direction of travel) are fixed in the rotational 
and vertical axes, no core muscle strengthening or training is provided for boat stability. This lack of core 
training can cause overextension of particular core muscle groups while on water to stabilize the boat [2] 
and deliver maximum power during the stroke. This overextension can result in muscle damage and 
injury [3]. It is hypothesized that by introducing a motion platform for the rower to train on, core strength 
and flexibility will be increased during training, which could result in improved stability and a stronger 
kinetic chain to deliver effective force production while on water.  
This article will discuss and present a computer simulation of a motion platform for rehabilitation 
purposes for rowers, through the use of physical simulation. The platform shall mimic the motion of an 
elite rowing boat for condition training and rehabilitation of injured rowers. MATLAB/Simulink was 
used in conjunction with other software programs to create a computer simulation and a control law 
model for implementation onto the physical motion platform. At this stage of research, only the 
simulation has been carried out, with the physical rowing simulator to be built at a later stage. 
2. Fundamentals of Motion 
To reproduce the motions of a boat for the purpose of rowing training, the relevant degrees of freedom 
(DOF) must be specified. That is, a set of independent translations and/or rotations that specify the 
displaced or transformed position and orientation of the boat. A fully defined system in all possible 
directions and rotations has six DOF [4].  
Developing a motion platform with a full six-DOF may not be necessary for all environments e.g. an 
axis might be excluded if the motion in that axis is small or where it does not significantly contribute to 
the observed effect (i.e. core stability in this study). Furthermore, by minimising the number of DOF, the 
mechanical and control systems can become simplified. In this study, simulating core muscle activity in 
sweep rowers, heave, roll and pitch motions were considered of most importance due to their relatively 
large magnitude and strong effect on core muscle activity [2]. Reproduction of motions in the yaw and 
sway directions were considered of lesser importance due to their comparatively small magnitude, while 
motion in the surge direction though large in a boat was thought to have only a small effect on core 
muscle activity. 
3. Conceptual Rowing Simulator Control Design 
For the purpose of computer simulation and control investigation, a conceptually designed rowing 
simulator for injury recovery will be used as the virtual motion platform. The rowing simulator design 
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incorporates actuators attached from the base to the rowing simulator chassis. The actuators’ movements 
intend to give the desired three DOF. At this stage of research, only simulation is produced, with the 
intent of building the full physical simulator for hypothesis verification at a later stage. 
In order to control the motion platform in real time, computer simulation will be used to calculate the 
relevant forces of each actuator, and to produce the desired motion of the platform. MATLAB/Simulink 
was used to create this computer simulation. The simulation comprises of three main components; the 
motion platform input or desired position matrix, the controller and the plant. 
The plant, refers to the motion platform as hardware, or a virtual representation of the intended 
hardware. To create that representation Solidworks and Simulink’s SimMechanics was used to build the 
3D design mentioned in section 4, into virtual objects. These objects have defined masses and inertias.  
3.1 Motion platform input 
For accurate modelling of a physical system, real world parameters (such as weight, dimensions, etc.) 
and physical constraints must be accounted for. The motion platform input must determine the co-
ordinate position and rotation matrix for the “virtual rowing hull” with respect to the absolute (or 
reference) virtual co-ordinate system. This is derived from physical virtual constraints, and the inputs of 
both the actual and virtual rowers. Once determined, the position and rotation matrices are used to 
calculate the actuator positions, and hence the motion platforms co-ordinate translation and rotation with 
respect to the reference co-ordinate system in the real world. 
3.1.1  Virtual Hull Model 
The desired position of the simulator is calculated to mimic the intended virtual rowing hull. Focus 
will be placed on roll motion, as both heave and pitch will be calculated using generic fluid structure 
interaction methods. This is because only the roll effects weather the hull is stable, neutral or unstable, as 
outlined by Rawson, et al. [7].  
Basic ship theory is applied and an overview for the context of a rowing hull is explained (for further 
details of ship theory the reader should consult [7]). It is assumed for this article that the cross-sectional 
geometry of the hull is semi-circular. This implies that the righting lever (known as GZ) of the hull is 
proportional to the roll angle, until GZ reaches a maximum, before the hull tips over. This simplifies the 
model, however, rowing teams could input the GZ curve of their particular boat into the simulator for 
increased realism. This would also enable testing of various hull geometries for different crew skill level.  
Figure 2 shows the three equilibrium states of the rowing hull. The left diagram illustrates the neutral 
equilibrium state, whereby the centre of gravity (CG) coincides with the metacentre (M) of the hull. If 
this occurs, no righting moment is generated. The centre diagram shows that the CG is above M and 
hence a negative GZ is generated. Finally, in the third diagram, the CG is below M, creating a positive 
righting lever, making the boat stable. 
Fig. 1. Three states of hull equilibrium [8] 
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In the case of rowing, M is approximately level with the waterline for near semi-circular boats. For 
the rowers to achieve an efficient stroke, they sit above this point [8]. Therefore the CG is above the M 
and hence the hull is considered to be in an unstable equilibrium. The negative moment generated is 
described by the following equation; 
ܩܼ ൌ ܩܯ ׎ ,         (1) 
where GM is the distance from the CG to the metacentre of the hull and ׎ is the roll angle. As CG is 
above the metacentre, GM is negative [8].  
3.1.2. Virtual Rower Model 
As the rower-hull system is not a rigid body, the CG is free to move about the M and centre of 
buoyancy. The rower is able to shift their weight to oppose the negative hull righting moment, making the 
system stable. This is done by using both core strength and leg strength to apply a force which changes 
the centre of mass of the system. In this article, both of these forces are represented as a single core 
strength force to simplify the rower. Two virtual muscles were created which provide an actuating force 
to the rower with respect to the seat. The actuating force is controlled by a proportional-integral-
derivative (PID) controller which aims to mimic the response of the rower. As the boat roll’s, the virtual 
rower applies force to each side of the body’s “virtual core” to shift the CG of the rower. The change in 
force applied to the seat by the rower results in a positive righting moment on the hull. This moment is 
greater than the hull’s negative moment, due to the larger mass of the rower. 
3.1.3. Virtual Oar Model 
As can be seen in Figure 1, additional forces on the hull are due to the moments applied to the 
oarlocks. These moments are a result of the rower moving the oar up and down. Additionally, a 
hydrodynamic force is applied to the oar blade when in contact with the water during the drive phase of 
the stroke. Each rower must adjust their oars to minimise the difference in moments between the left and 
right side of the hull. For initial simulation, the vertical force on the oarlock will be a function of handle 
force and oar motion during the stroke [5]. 
3.2. The controller 
The controller uses a PID algorithm. The simplest way to control the desired trajectory is to apply 
forces to the plant proportional to the position error [6]. Using a PID feedback is a common solution for 
linear control. The PID controller determines the error between the desired position of the actuators and 
the actual position of the actuators. The control law for each actuator has the form:  
ܨ஺௖௧௨௔௧௢௥ ൌ ܭ௣ܧ௥ ൅ ܭ௜ ׬ ܧ௥݀ݐ ൅ܭௗሺ
ௗாೝ
ௗ௧
ሻ௧଴       (2) 
4. Simulation Results 
Three tests were conducted to determine the effectiveness of the simulation. The first was used to 
observe the virtual hulls unstable equilibrium. The virtual rower was “fixed” to the simulator seat, 
meaning no core movement was permitted. Figure 2 shows how by applying a small disturbance force of 
5 Nm, the virtual hull will roll over within 3 seconds. This will vary from rower to rower, as GM and the 
mass of the rower will vary. The second test shows how the rower uses core muscle force to stabilize the 
hull. A 50 Nm moment was applied to the virtual hull for 2 seconds. As the rower feels a change in force 
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5. Conclusion 
Through the use of Solidworks, MATLAB/Simulink and SimScape, computer simulation of a three 
DOF motion platform was created. This platform was designed to mimic the motions of the relevant DOF 
of an elite rowing boat. In particular, the feeling of an “unstable” rowing hull has been presented. 
Simulation results indicate that a rower must use their core to stabilise the rowing hull. If no core 
stabilisation is applied, small disturbance forces will cause the hull to roll over. These results suggest that 
by using a motion platform for rowing rehabilitation and training, core muscle activity will be higher than 
compared to other on-land fixed frame-rowing devices. This early stage of research could lead to an 
increase of core strength which may help reduce the likelihood of further injury. It may also provide 
better core training for improved power delivery during the stroke, as well as control of trunk rotation 
when reaching for the catch. 
To improve control accuracy, development of the desired position model will be taken further. In 
particular, the virtual oar model should be tested with real rowing data with both horizontal and vertical 
oar angle parameters. Additionally, a more thorough investigation into the oar-hydrodynamic forces and 
the corresponding moments applied to the hull will be undertaken. Results verification is required by 
comparing on-water hull roll, with simulated hull roll, given a fully defined rower input. A direct 
comparison between core muscle activity observed during on water, simulator and ergometer rowing will 
also take place. The results of such an investigation will show if training and rehabilitating rowers on 
such a motion platform is in fact more beneficial, compared to training on a fixed ergometer.   
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